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Abstract.  A  temperature-sensitive lethal mutant nucl- 
632 of Schizosaccharomyces pombe  shows marked 
reduction in macromolecular synthesis and a defective 
nuclear phenotype with an aberrant nucleolus, indicat- 
ing a  structural role of the nucl ÷ gene product in 
nucleolar organization. We cloned the nucl ÷ gene by 
transformation and found that it appears to encode the 
largest subunit of RNA polymerase I. We raised an- 
tisera against nucl ÷ fusion polypeptides and detected a 
polypeptide (,',,190  kD and 2  x  1@ copies/cell) in the 
S.  pombe nuclear fraction. By immunofluorescence 
microscopy, anti-nucl  ÷ antibody revealed intense stain- 
ing at a particular nuclear domain previously defined 
as the nucleolus. The nucleolar immunofluorescence 
by anti-nucl ÷ was faded in nucl-632  at restrictive tem- 
perature and dramatically diminished in the absence of 
DNA topoisomerases I and II. Thus active RNA poly- 
merase I appears to be required for the formation of 
the nucleolus as its major component, and DNA 
topoisomerases appear to be required for the folding 
of rDNA and RNA polymerase I molecules into the 
functional organization of nucleolar genes. 
"~TE~UEr~ implicated in higher order chromosome struc- 
can be identified by distinct approaches. Isola- 
tion of temperature-sensitive (ts)~ or cold-sensitive 
(cs) mutants defective in chromosome structures may lead to 
identification of the genes by cloning DNA sequences that 
complement mutant phenotypes.  A  successful example is 
identification of a human cell cycle gene that regulates the 
onset of chromosome condensation (Kai et al.,  1986;  Oht- 
subo et al., 1987).  Alternatively, mutants defective in chro- 
mosomal proteins that are known or presumed to be involved 
in the control of chromosome structures can be isolated by 
assaying their activities in extracts of mutagenized cells. Mu- 
tants of DNA topoisomerase (topo)  I and II were thus iso- 
lated from budding and fission yeasts (DiNardo et al., 1984; 
Uemura and Yanagida,  1984). The other approach would be 
first to clone the gene (such as histone HI) with products pos- 
sibly involved in the higher order chromosome structure but 
which are difficult to assay. Integration of the in vitro-muta- 
genized gene into a chromosome to replace the normal one 
may produce defective phenotypes in the chromosome struc- 
tures. 
We investigated genes implicated in the higher order chro- 
mosome  structure  by  applying  these  approaches  to  the 
fission yeast Schizosaccharomyces pombe (e.g., Uemura et 
al., 1987a). S. pombe chromosomes are large (Smith et al., 
1987) and easily amenable to light microscopy using 4',6- 
diamidino-2-phenylindole (DAPI) staining (Umesono et al., 
1. Abbreviations  used in this paper: cs, cold sensitive; DAPI, 4',6-diami- 
dino-2-pbenylindole; ts, temperature sensitive. 
1983).  We examined a large number of ts mutants and ob- 
tained a strain, nucl-632, which showed a nuclear cytological 
phenotype resembling that of the double mutant in topo I and 
II, topl-top2  (Hirano et al.,  1986).  In the topl-top2 double 
mutants of S. pombe and S.  cerevisiae (Uemura and Yana- 
gida, 1984,  1986; Goto and Wang,  1985; Brill et al., 1987; 
Uemura et al.,  1987b),  the topoisomerase activity to relax 
negative and positive supercoils is absent, and macromolec- 
ular synthesis is reduced, accompanied by an altered nuclear 
chromatin region  (called "ring" phenotype)  at  restrictive 
temperature. Further analyses of  the S. cerevisiae and S. pombe 
double mutants (Brill et al., 1987; Yamagishi and Nomura, 
1988) indicated that DNA and ribosomal RNA syntheses are 
severely reduced, but mRNA and tRNA syntheses are rela- 
tively unaffected. Single topl mutants, however,  grow nor- 
mally and single top2 mutants are specifically blocked in nu- 
clear division (for review see Yanagida  and Wang,  1987). 
Similarity in the cytological phenotypes suggested a possible 
relation between the nucl  ÷ gene function and DNA topol- 
ogy. Therefore, we attempted to identify the gene product 
and function of the nucl ÷ gene. 
Materials and Methods 
Strains and Media 
Schizosaccharomyces  pombe haploid strains were used with the standard 
genetical procedures (Gutz et al.,  1974).  nucl-632 was previously isolated 
as described in Hirano et al. (1986). The double mutants topl-top2 in DNA 
topo I and II were described by Uemura and Yanagida (1984). For the gene 
disruption, two haploid strains TP4-5A (h- leul-32 ura4-dl8 ade6-M210) 
and TP4-1D (h  ÷ leul-32 ura4-d18 ade6-M216 his2) were used. The diploid 
5A/1D was made by a cross between TP4-5A and TP4-1D.  TP6 is the diploid 
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The Journal of Cell Biology, Volume 108, February 1989 243-253  243 integrated with the 3.8-kb  Nru  I  fragment of pnucl::ura4  ÷  (h-/h  ÷ leul- 
32/leul-32  ura4-d18/ura4-d18 ade6-M210/ade6-M216  his2~+  nud: :ura4+  / 
+). TP6G1  is the Lea  ÷ transformant of TP6 by pGKI00, and TP6100 is a 
Leu  + Ura  + haploid segregant obtained from TP6G1.  pGK100 is pDB248' 
(Beach et al.,  1982)  carrying 9.4-kb insert that complements nucl-632. 
Escherichia  coli HBI01  and MC1061 were used for preparation of plas- 
mids and BJ5183 for recovery of plasmids from S. pombe.  For production 
of the fusion protein, BL21 and JM101 were used. For complete and mini- 
mal media for S.  pombe,  YPD and EMM were used.  LB was used for 
E.  coli. 
Plasmids 
The following plasmids were used: pDB248' for gene cloning (Beach et al., 
1982);  pUCI8 for nucleotide sequence determination (Yanisch-Perron et 
al., 1985);  and pAR3039 (Studier and Moffatt, 1986) and pUR291 (Riither 
and Miiller-Hill,  1983)  for expression of fused-nucl + polypeptide in E. 
coli. 
Gene Cloning by Transformation 
The genomic DNA sequence that complemented nucl mutant was isolated 
by transformation from a genomic library that contained Sau  IIIA partial 
digests in the vector pDB248' (Beach et al., 1982). Transformation was car- 
ried out by lithium method (Ito et al.,  1983)  using the host strain h- leul 
nucl,  and a Leu  + Ts  + tzansformant was obtained. 
Nucleotide Sequence Determination, Southern 
Blotting, Northern Blotting 
The dideoxy method (Sanger et al.,  1977)  was used with unidirectional 
progressive deletion (Yanisch-Perron et al., 1985) for nucleotide sequence 
determination of both strands.  For Southern blotting, 32p-labeled  3.2-kb 
Hind III fragment in pGK104 was used as the probe. S. pombe genomic 
DNA was isolated and digested with restriction enzymes. 5/~g DNA was 
run in agarose gel, and hybridization was carried out at 50°C (6X SSC, 
0.5 % SDS). For Northern blotting, the same probe as for Southern blotting 
was used.  10 #g pelyA  + mRNA isolated from the wild-type S. pombe was 
run in agarose gel. 
Integration of Cloned nucl  + Sequence on 
Chromosome 
The cloned sequence was integrated on the chromosome by homologous 
recombination (Botstein et al., 1979).  pGK109 containing the insert that ap- 
parently did not have autonomously replicating sequence activity was di- 
gested by Bgl  II which yielded a linear fragment with the termini in the 
nucl ÷ gene region. The fragment was used for transformation of the host 
strain  h-  nucl-632  leul.  Stable  Leu  +  Ts  +  transformants obtained  were 
crossed with h  + his2 leul nud, and tetrads were dissected. Leu  + was tight- 
ly linked to nucl  (PD:NPD:  TT  =  28:0:0).  The transformant was also 
crossed with adel (h  + his2 leul adel ), which was previously known to be 
linked with nucl.  Lea  + was closely linked with adel  (PD:NPD:  TT  = 
32:0:0). 
Disruption of  nucl  ÷  Gene 
Plasmid pH3M was constructed by ligating the 3.2-kb Hind III insert in 
pGK104 with pUC18 (Yanisch-Perron et al., 1985) linearized with Hind III, 
and digested with Bgl lI to remove the 567-bp-long internal sequence (corre- 
sponding to the residues from 300th to 489th codons) of the nucl + gene. 
Then, pURA4 (made by E  Lacroute, quoted in Russell and Nurse,  1986) 
was cleaved with Hind IH.  The resulting 1.8-kb  fragment containing the 
S. pombe ura4  + gene was associated at both ends with the 51-bp-long Eco 
RI/Hind III polylinker sequences derived from pUCI8,  followed by sub- 
cloning into the Eco RI site of pBR322 and cleaving with Barn HI. The 
1.8-kb  Barn H1  fragment was ligated with pH3M  digested with Bgl  II. 
Thus plasmid pnucl: :ura4 + was constructed. The 3.8-kb Nru I fragment of 
pnucl::ur~4  + was used for disruption of the nucl + gene. 
Ura- bomozygous diploid 5A/ID (Materials and Methods) was trans- 
formed with the 3.8-kb Nru I fragment. Stable Ura  + diploid transformants 
obtained were sporulated, and tetrads were analyzed. ~  viable and two 
nonviable patterns were obtained in all the fifteen tetrads dissected. Further- 
more, the thirty viable spores were all Ura-. These results indicate that the 
one-step replacement (Rothstein, 1983) of the nud  + gene by the Ura  + Nru 
I fragment is the lethal event. To determine whether plasmid pGKI00 carry- 
ing the nucl + gene can complement the disrupted Ura  + haploid, the diploid 
TP6 containing nucl::ura4 + was transformed with pGK100 and resulting 
Leu  +  Ura  + transformants were sporulated.  Results of the Leu  + haploid 
segregants showed that Ura  + (nucl-) cells are viable if they contained Leu  + 
plasmids carrying the nucl + gene. This result showed that the gene disrup- 
tion took place in the nud + gene. 
Plasmid Construction for Production of 
nucl +  Protein in E. coli 
We constructed two plasmids for the production of nucl + fusion polypep- 
tides in E.  coli.  pURNUC1 is a derivative of pUR291 (R/ither and Mfiller- 
Hill, 1983) designed for the production of the lacZ product at its NH2 end, 
which contains the multiple cloning sites  for ligation of the other gene in 
the frame, pURNUC1 is inserted with Bgl II (at 1609)-Hind I~ (at 3637) 
fragment and encodes lacZ polypeptide (1,022 residues) fused with a 676- 
residues-long region derived from the nucl + gene. Plasmid was introduced 
into E.  coli  JM  101  and induced by isopropyl-B-o-thiogalactopyranoside 
(IPTG). The other plasmid pARNUC1 is a derivative of pAR3039 (Studier 
and Moffatt, 1986),  which contains bacteriophage T7 gene 10 promoter and 
the 12-residues-long short coding region, pARNUCI is inserted with Bgl 
II fragment (from 1038 to 1612) in a frame that can encode a 207-residues- 
long polypeptide. Plasmid was introduced into E. coli BL 21. By IPTG both 
T7 RNA polymerase (fused with lac UV5 promoter and integrated on host 
chromosome) and phage gene 10 promoter are induced. 
Preparation of  Antisera 
Procedures described by Watt et al. (1985) were followed. One or two liter 
cultures of E.  coli  JM101  and  BL21  carrying plasmids pURNUC1  and 
pARNUC1, respectively, were induced by IPTG (final 1 mM) and were in- 
cubated for 3 h. Cells were collected, freeze-thawed, and digested with lyso- 
zyme. Lysates were treated in a Waring blender, and the pellets were sus- 
pended in 0.05%  sodium deoxycholate followed by 0.1%  Triton  X-100. 
Insoluble pellets containing overexpressed fused-nudl + polypeptide were 
dissolved in 8 M  urea. Dissolved materials were run in SDS gel electro- 
phoresis. Polyacrylamide gel containing the nucl + band was cut out. Poly- 
peptide in gel was electroeluted, stored at  -20°C and used as antigen. 
pURNUC1  and pARNUC1  produced  180-  and 25-kD proteins in  large 
quantity, respectively, and their molecular masses were consistent with the 
values predicted by nucleotide sequences. The amount of polypeptide ob- 
tained was more than 10 mg from one liter culture. Rabbit antisera against 
these polypeptides were prepared. For initial injection, •100  #g of antigen 
was used with Freund's complete adjuvant after three injections (each 70 
p.g) at 2-wk intervals. Antisera were obtained 2 wk after each injection and 
contained antibodies strongly reacted with the antigen polypeptide made in 
E.  coil For S. pombe extracts, polypeptide of the same molecular mass was 
recognized by the two sera. 
Western Blotting and Nuclear Isolation 
Immunoblot (Western blotting) analyses were performed by transferring the 
proteins electrophoretically to nitrocellulose after SDS-PAGE (Towbin  et 
al., 1979).  The procedures for isolation ofS. pombe nuclei by Pereoll gra- 
dient centrifugation were described p~viously (Hirano et al.,  1988). 
Fluorescence and Immunofluorescence Microscopy 
The procedure for DAPI staining (Toda  et al.,  1981) was followed. Im- 
munofluorescence microscopy was performed by the method described 
(Kilmartin and Adams, 1984; Adams and Pringle, 1984) with modifications 
(Hagan and Hyams,  1988). 
Measurements of  DNA, RNA, and Protein 
The procedures described by Nurse et al.  (1976) were followed. 
Results 
Phenotype of nucl-632 
We previously isolated a ts mutant, nud-632, by examining 
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(Hirano et al.,  1986). At permissive temperature (26°C) the 
nucl-632 cells grow more slowly ('~50%) than the wild type. 
(The generation time of the wild type is --2 h at 36°C and 
3 h at 26°C, respectively, in rich media.) At restrictive tem- 
perature (36°C) the mutant cells are arrested after a  single 
cell division (the cell number increases approximately two- 
fold). Its viability decreases to 40 and  10%  after 1 and 4 h 
at 36°C, respectively. The mutant cells show a characteristic 
nuclear phenotype. By DAPI stain, the normally hemispher- 
ical nuclear chromosome domain at 26°C alters to a bowl- 
like chromosome domain (called ring phenotype) at 36°C 
(Fig.  1, a  and b). The frequency of cells exhibiting the ring 
phenotype was  80%  after 3  h.  Interestingly, synchronous 
culture analysis at 36°C  (Mitchison,  1970;  Hirano et al., 
1988) indicated that the viability of cells remained nearly 
100% in the G2 phase but sharply decreased in mitosis (data 
not shown). At the same time, the number of cells showing 
the ring phenotype sharply increased. It should be noted that 
the nuclear division takes place once in the synchronous nucl 
mutant culture at 36°C. (The cell number also increased two- 
fold.) Therefore, the results described above indicated that 
the nucl mutation does not block mitosis but cells showing 
the ring phenotype die. 
DNA, RNA, and protein synthesis (Materials and Meth- 
ods) are reduced within one generation time and completely 
arrested after two generation times at 36°C (data not shown). 
Because the morphological phenotype of nucl-632 is similar 
to that of topl-top2 double mutant (Fig.  1 c), we measured 
the levels of DNA topoisomerase activities in the nucl mu- 
tant extracts and found that the extracts contain normal levels 
of the relaxing activities of topo I and II (Hirano et al., 1986; 
Konoha, G., unpublished results). Tetrad analysis indicated 
that nucl-632 contains a single recessive ts mutation and that 
the ts allele cosegregated with the nuclear phenotype. Segre- 
gants containing both nucl  and top1  alleles showed a cyto- 
logical phenotype identical to that of single nucl-632. Triple 
mutants  nucl-topl-top2  were constructed.  Their growth  at 
26°C was the same as that of the single nucl mutant. Because 
only one ts allele of nucl was available, it was possible that 
the phenotype described here could be allele specific. 
Figure 1.  DAPI-stained fluorescence micrographs of an S. pombe 
ts mutant nucl-632  at permissive (a) and nonpermissive tempera- 
ture (b). Ceils were first grown at 26°C, transferred to 36°C for 2 h, 
and stained by DAPI. For comparison, ts topl-top2 double mutant 
cells incubated at 36°C for 2 h and stained by DAPI are shown in 
c. Bar, 10/~m. 
Cloning of the nucl +  Gene 
The S. pombe genomic DNA library made in pDB248' (Beach 
et al.,  1982) was used for transformation of a Leu- Ts- hap- 
loid strain leul nucl-632, and Leu  ÷ Ts  ÷ transformants were 
obtained.  A  genomic  DNA  fragment inserted  in  plasmid 
pGK100 that was recovered from a transformant could com- 
plement the Ts- phenotype of nucl-632.  By subcloning, we 
estimated a  5.5-kb-long DNA fragment required for com- 
plementation (Fig. 2 a). To determine whether pGK100 was 
derived from the nucl + locus, a subclone pGKI09 was used 
to integrate the cloned sequence on a chromosome by homol- 
ogous recombination (the marker gene used was the S.  cere- 
visiae LEU2 gene; see Materials and Methods). Tetrad dis- 
section of resulting Leu  + integrants indicated that the Leu  + 
marker was  tightly linked to nucl  locus  (PD:NPD:TT  = 
28:0:0, <1.7 cM) and also to adel (PD:NPD:TT =  32:0:0, 
<1.5 cM), which was previously shown to be linked to nucl 
(Hirano  et  al.,  1986;  Hirano,  T.,  unpublished  results). 
Therefore, the cloned genomic sequence is derived from the 
nucl ÷ gene. 
The nucl  + gene was  disrupted  by the one-step replace- 
ment method (Rothstein,  1983) described in Materials and 
Methods. The disrupted haploid segregants were lethal, indi- 
cating that the nucl + gene is essential. The disrupted spores 
germinated but did not divide.  The disrupted haploid was 
rescued by plasmids carrying the nucl  + gene. These results 
were consistent with the ts lethal phenotype of nucl-632. 
Genomic Southern hybridization probed with the 3.2-kb 
insert in pGK104 showed a single set of hybridizing bands 
consistent with the cloned nucl + gene for three restriction 
enzymes (Fig. 2 b), and Northern hybridization showed an 
~5.5-kb-long transcript (Fig.  2  c).  Hence, the nucl + gene 
appears to be unique in its genome and is transcribed to pro- 
duce mRNA whose size is roughly equivalent to that of the 
minimal complementable DNA. 
Nucleotide Sequence Determination 
We determined by the dideoxy method (Sanger et al.,  1977) 
a  5,486-bp-long nucleotide sequence that can complement 
the nucl mutation. The nucleotide sequence is shown in Fig. 
3 together with the predicted amino acid sequence. There is 
a 5,067-bp-long open reading frame that predicts the 1,689- 
amino acid residues polypeptide (189 kD). Intron is appar- 
ently not present. The cloned gene with only a  143-bp-long 
5' upstream sequence (from the presumed first ATG codon) 
appears to be sufficient for complementation of the ts nucl 
mutation when the cloned sequence is introduced into mul- 
ticopy plasmid. 
By searching the NBRF protein data base, we found that 
the predicted nucl + sequence reveals significant similarities 
to several domains of the largest subunits of S.  cerevisiae 
RNA polymerase (pol) II and III (Allison et al.,  1985)  and 
also of E.  coli pol subunit 13' (Squires et al.,  1981; Ovchin- 
nikov et al.,  1982).  Furthermore, the sequence of S.  cere- 
visiae pol I largest subunit recently reported by Memet et al. 
(1988) has the highest similarity to nucl ÷ polypeptide. No 
significant  homology,  however,  is  found  in  the  upstream 
nucleotide sequences  between the  nucl + and  the  S.  cere- 
visiae largest subunit of pol I  (Memet et al.,  1988). 
Results of dot matrix analyses between the amino acid se- 
quences of nucl + and the largest subunit of S.  cerevisiae pol 
Hirano et al. RNA Polymerase 1 Largest Subunit: Mutant,  Gene, and Location  245 Figure 2. Cloning of the nucl  + gene. (a) A genomic DNA sequence (the shaded box in pGK100) that comlemented nucl-632 mutant was 
isolated from an S. pombe gene library by transformation.  Restriction map of pGK100 is shown. B, Bam HI; Bg,  Bgl II; H, Hind III; 
S, Sal I; X, Xho I. Results of subcloning indicate that the minimal length for complementation is 5.5 kb.  +  indicates that the fragments 
can complement ts nucl-632.  (b) Southern blotting of S. pombe genomic DNA probed with 32P-labeled 3.2-kb fragment in pGK104. The 
numbers indicate the sizes of standard restriction fragments in kb. Genomic DNA was digested with Eco RI (E), Hind III (H), and Bam 
H1 (B) and was run in 1% agarose gel. (c) Northern blotting of polyA  ÷ mRNA probed with the same fragment in b. A 5.5-kb-long single 
hybridizing band was obtained (arrowhead).  The positions of 25S and  18S RNA are also shown. 
I, II, III, vaccinia virus pol (Broyles and Moss,  1986),  or 
E.  coli pol are shown in Fig. 4 a by identifying i>8 matches 
over 20  contiguous  amino  acids.  Similarity  between  the 
nucl ÷ and  the  pol  I  subunit  is  continuous  except the  two 
NHz and  COOH  regions  rich  in  charged  residues.  These 
highly hydrophilic domains are found only in the pol I sub- 
unit (Memet et al.,  1988).  The S.  cerevisiae pol I sequence 
contains  1,664/25  residues (186  kD),  19 residues less than 
the nucl ÷ sequence.  The two sequences are aligned in Fig. 
4  b.  Overall similarity of the two sequences is '~49%. 
Similarity to the largest subunit of the other RNA poly- 
merases was found only in the restricted domains (Fig. 4 a). 
Domain A, present in all the eukaryotic sequences, also ex- 
ists in the nucl  ÷ sequence.  Neither nucl ÷ nor pol I  subunit 
(Memet et al., 1988) contain domain 1 (Allison et al., 1985). 
The other five domains found in all the largest subunits are 
also present in the nucl ÷ sequence although their sizes in ~' 
are generally shorter. 
Identification of the nucl ÷  Gene Product in S. Pombe 
To identity the nucl ÷  protein in the cells of S. pombe by im- 
munochemical  methods,  we  raised  antibodies  against  the 
nucl + fusion polypeptides made in E.  coli.  Two plasmids 
pAR3039 (Studier and Moffatt,  1986)  and pUR291  (Riither 
and Miiller-Hill,  1983) were used to express different parts 
of  the  nucl ÷ gene  in  E.  coli  (Materials  and  Methods). 
Fused  nucl ÷ polypeptides  obtained  were  purified  and  in- 
jected  into  rabbits  as  antigens.  Antisera  thus  obtained 
strongly  reacted  with  antigens  made  in  E.  coli  (data  not 
shown).  Antibodies were affinity purified with the antigen 
made in E.  coli. 
By Western blotting,  we could detect a polypeptide (mo- 
lecular mass, '~190 kD) in the extracts of S. pombe by an- 
tisera obtained 4 wk after injection (Fig. 5 a). Because two 
antisera raised against different parts of nucl + produced a 
single band with a similar molecular mass in the extracts of 
S.  pombe  (data  not  shown),  the  protein  band  most likely 
represents the same polypeptide; i.e.,  the product of nucl + 
gene. Introduction of multicopy plasmid pGKI00 containing 
the nucl + gene into S. pombe did not increase the intensity 
of  190-kD  protein band  (data not  shown),  indicating  that 
gene dosage did not affect the amount of nucl + product. 
To determine whether the nucl ÷ product exists in the nu- 
cleus,  Percoll  gradient  centrifugation of S.  pombe  lysates 
was run to fractionate the nuclei (Hirano et al.,  1988). Each 
fraction was run in SDS gel electrophoresis and analyzed by 
immunoblot using  anti-nucl ÷ antisera.  Results  (Fig.  5  b) 
clearly demonstrated  that  the  immunoblot band  for nucl ÷ 
p190 is present exclusively in the nuclear fractions. Topo II 
band produced by anti-topo 11 (Shiozaki, K., and M. Yanagida, 
to be published) was obtained in the same nuclear fractions. 
Localization of nucl +  Gene Product in Nucleolus 
Using immunofluorescence microscopy with anti-nucl ÷ sera, 
we found intense immunofluorescence in the nucleus of the 
wild-type cells,  specifically at the  region of nucleolus,  as 
shown in Fig.  6, a-c.  The color micrograph (a) shows the 
S. pombe wild-type cells treated by anti-nucl + antibody fol- 
lowed by rhodamine-conjugated second antibody, b shows the 
same cells stained by DAPI. c, obtained by double exposures 
for anti-nucl  ÷ and DAPI staining of the  same field, clearly 
shows that the nucl + protein is associated with the nucleolar 
rods  protruding  from the  chromosome domain.  Previous 
work showed that the S. pombe interphase nucleus consists 
of two hemispherical domains,  one  chromosomal and the 
other a  nonchromosomal domain rich  in  RNA.  Nucleolar 
DNA exists  at the  boundary  of the  two hemispheres;  the 
short rods were identified to be the rDNA clusters present 
in chromosome III (Toda et al.,  1981, 1984; Umesono et al., 
1983;  Niwa and Yanagida,  1985;  Smith et al.,  1987;  Mat- 
sumoto, T., unpublished results).  Interestingly, the number 
of rods stained by anti-nucl ÷ is generally four for each nu- 
cleus in the interphase cells (mostly G2 cells) but two during 
or just after nuclear division (Fig. 7, right). The two protru- 
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GTATAC AAAAGCAAA ATAGTAC AATGAATATTGCACAGCCAGTCTCTTCGGAGATTAAAAGT•T•AAGTTTGGGAT•rTACGATGTTGACGATGT•GAAAAAATATCCGTCAAACAAATCG  240 
H  N  I  A  Q  P  V  S  S  E  1  K  S  V  K  F  G  I  Y  D  V  D  D  V  E  K  I  S  V  K  Q  I  V  33 
T  AAATCCCGTTTTGCTTGACAATTTAAATCACCCTACTAACGGCGGATTATATGACCTTGCTTTGGGTCCATATCTAAAAAATTCTGTTTGCGCTA•ATGTCATTTGGCTGAAAGATACT  360 
N  P  V  L  L  D  N  L  N  H  P  T  N  G  G  L  V  D  L  A  L  G  P  Y  L  K  N  S  V  C  A  T  C  8  L  A  E  R  Y  C  73 
GC•CTGGTCATTTTGGTCATATAGTACTTCCTAGTCCTGCATATCACCCTCT•TTTTTTTCTCAAATGTACAATTTATTACGTTCAACTTGCTTGTACTGCCATCATTTCAAGCTTTCAA  480 
P  G  8  F  G  H  I  V  L  P  S  P  A  Y  H  P  L  F  F  S  Q  H  Y  N  b  L  R  S  T  C  L  Y  C  H  H  F  K  L  S  K  113 
A  AGTCAAGGTTCATCTTTTCTTTTGTAGACTC  AA•TTGCTTGATTATGGTCTTTTAAATGAGTCA•AGAT•GT•GAGAATGTCAGTCTTACTGAGGCAATCATAAAGAATTCTAACGGCA  600 
V  K  V  H  L  F  F  C  R  L  K  L  L  D  Y  G  L  L  N  E  S  E  H  V  E  N  V  S  L  T  E  A  I  I  8  N  S  N  G  T  153 
(`TCcACTTGAAGAT~AA~TGACAGCGAGGACAGTGGTCTTGGACACGATGATATTGCTAAAGATGCTG~AACACTTAT~C~CATTL`GCG~TGA~TTCGTTGCTAA~TCTATTGCTGACT  720 
P  L  E  D  G  S  D  S  E  D  S  G  L  G  8  D  D  I  A  K  D  A  A  T  L  H  R  I  R  D  E  F  V  A  K  S  1  A  D  S  293 
(T  ACGCCAGAACGCTCATATCGATGCTCAGTTGACTACACTTCTTTTACACGAGAGGAAAAAAGTTGTGCGTGcCTTCTACCATGCCATTTCATCTCGCAAACAATGTGATAATTGCCAGT  840 
R  Q  N  A  H  1  O  A  Q  L  T  T  L  L  L  H  E  R  K  K  V  V  R  A  F  Y  H  A  I  ,q  S  8  K  Q  C  D  N  C  Q  S  233 
C  TTTTTCCCCTAACTTTAG~AAAGAAGGCTTTGCTAAAATATTCGAGATTCCATTGAGTGGAAAAAATCTCCAATTTATGGAGCAAACCG(`~A~AAATTCGTTCTGACGTTC~TCGTGATA  980 
FSPNFRKEGFAKIFEIPLSGKNLQFMEQTGKIRSDVLRDT  273 
CTAGTAAAAAGCATCATGAAGATGAGG~ATATGATGGAGATTCTGATTCGAGTAATGAAAGTGAAGTAGAAG~AATAGATCTCTTTGAAGAAGATCCTAATCCTTTGAAAAATAAATCAA  1080 
SKKHHEDEGYDGDSDSSNESEVEGIDLFEEDPNPLKNKSK  313 
AATCTCCAATTGCTCATGGAGCCAAATATATGACTTCTACTGAAGTCCGTAACCATCTTC~CC~TCTTTTTGTAAAAGAAAATGTTGTCCTTTCTCGTCTTTATGCTCATAAAC~CGGAA  1200 
SPIAHGAKYHTSTEVRNHLRRLFVKENVVI.  SRLYAHKRGK  353 
AAcCTGCCTCTGCTGATATGTTTTTCCTCCAAAATATTGCTGTTCCTCCTACTCGCTTCCGTCCAGCTTCCAAAATGGGCGATGAAGTACAT~AAAATATCCAAAATGAACTTCTGACCA  1320 
PASADHF.FLQNIAVPPTRFRPASKHGDEVHENIQNELLTR  393 
GAATTTTACAATCCTCAATACAAATTGCTTCTCTCTCTAAAGACTCTACAGTTG•••TAAATCCTGATGA•AAA•AAGGCTT•GAGCGTCGTTCTCGTGCTTTT•AACTGTT•ATTAACG  1440 
ILQSSIQIASLSKDSTVEVNPDEKEGLERRSRAFELLINA  433 
~7TTTTGTTCAACTACAACACGATGTAAACAGCCTGATTGATAGTAATAGGAATCCTAGTTCTG~AGGACAGAGTAGAACA~TA~CCCC~G~TATTAAGCAAATTTTGGAAAAGAAGGAGG  1580 
FVQLQHDVNSLIDSNRNPSSGGQSRTVPPGIKQILEKKEG  473 
GTCTTTTCCGTAAGCATATGATGGGTAAACGTGTGAATTATGCAGCTAGATCTGTCATTTCACC•GACCCGAACA•TGAAACTAATGAAATCGG•GTTCCGCCAGTCTTTGCTACTAAAC  1680 
I,  FRKHHHGKRVNYAARSVISPDPNIETNEIGVPPVFATKL  513 
T~ACATACCCAGAACCAGTAACTCTTTACAACTTTAACCAGATGAGAAATGCG~TTATTAATGGTCCCCATAAATGGCCTGGTGCTAGTCATATTCAAAAC~AA~AC~GCACTTTAATTT 1800 
TYPEPVTLYNFNEHRNAVINGPHKWPGASIIIQNEDGTLIS  553 
•TTTAATGCCTTTAACAATTGAACAACGCACTGCTTTAGCCAACCAGCTTCTTACACCTCAAAGCAATTTAATATCTTCCCCATATTCTTATTCTCGCTTAATAAATACTAACAAAAAGG  1920 
LHPLTIEQRTALANQLLTPQSNLISSPYSYSRLINTNKKV  593 
TTTATCGTCATGTCAGAAATGGAGACATGTTGATATT•AACC•TCAAC•CACCCTTCATAA•CCTTC•ATGATGGCTCATAAAGCTCGTATTCTTCCAGGT•A•AA•ACGATTA•AAT•C  2040 
YRHVRNGDHLILNRQPTLHKPSHHARKARILPGEKTIRHH  633 
ATTACGCAAATTGCAACTCTTACAATGCTGATTTCGAT•GCGACGAAATGAACATG•ATTTTcCACAAAGTACCAATGcG•GTTCTGA•GCTCAATTTATTGCAAACACAGACT•TCAAT  2160 
YANCNSYNADFDGDEHNHHFPQSTNARSE^QFIANTDSQY  673 
ATTTGGTGCCTACCTCTGGTGATCCTTTGCGCGGTCTTATTCAAGACCATGTCGTAATGGGTGTTTGGCTTACCTGTAAAGATACATTTTATATCCGAGATGAATATCAGCAACTTCTAT  2280 
I,  VPTSGDPLRGLIQDHVVHGVWLTCKDTFYIRDEYQQLLF  713 
TTCAGGCTTTAAAGCCTGATGAAACCGGTATGTATGGGCGTATCAAAACTCTTCCTCCTGCCATACAACGTCCGGGTATATACTG•ACAGGTAAACAAATAATATCTTCTGTTTTGCTCA  2400 
QALKPDETGHYGRIKTLPPAIQRPGIYWTGKQIISSVLLN  753 
ACCTAAAACCCAGTGATCGTCCTGGTCTTAATCTTAAAAGCAAAGCAAAGGTT•CAGGAAAATACTGGTCA•CTGACTCAGAGGAGGGATCAGTATTATTTGATGATGGTGAACTTTTAT  2520 
LKPSDRPGLNLKSKAKVPGKYWSPDSEEGSVLFDDGELLC  793 
GCGGTATTCTTGAT^AGTCCTCTTTTGGTGCCTCGGCTTTTGGCTTAGTTCACTCAGTTCATG•ATTGT•CGGTC•TGACATCGCT(;GTCGCTT•CTTTCT•TTTTAA•T•GTCTATTCA  2640 
GILDKSSFGASAFGLVHSVHELYGPDIAGRLLSVLSRLFT  833 
CTGCGTATGCTCAAATGCGGGGCTTTACTTGCCGTATGGAT•ATTTGAGACTTGA•GAGCAAGGTGATAATTG•AGAAGACAACTATT•GAAAACGGAAAATCCTTTGGACTTGAAG•TG  2760 
AYAQHRGFTCRHDDLRLDEQGDN~RRQLI,  ENGKSFGLEAA  873 
CCAGTGAATATGTTGGCCTTTCAACAGATTCGCCAATTGCGCTTTTGAACGCTAA•CTTGAGGAAGTTTACAGAGATGATGAGAAGTTA•AAGGTTTAGAT••TGCTATGAAAGGTAAAA  2880 
SEYVGLSTDSPIALLNANLEEVYRDDEKI,  QGLDAAHKGKN  913 
TGAACGGGCTTACTTCCTCAATTATCAACAAATGTATCCCTGATGGTTTACTTACAAAATTCCCCTATAATCATATGCAAACTATGACCGTTTCTGGTGCCAAGGGTAGCAACGTAAACG  3000 
NGLTSSIINKCIPDGLLTKFPYNHNQTMTVSGAKGSNVNV  953 
TCTCACAGATTTCTTGTCTTTTGGGTCAACAGGAATTAGAAGGAcGTCGTGTTCCTCTTATGGTGA•CGGAAAGTCACT•CCTTCCTTTGT•CCATATGAAACTTcTGCTAAGTCTGGTG  3120 
SQISCLLGQQELEGRRVPLHVSGKSLPSFVPYETSAKSGG  993 
GTTTTATTGCCAGCAGATTTTTAACTGGTATCGCCCCTCAGGAGTATTATTTTCACTGTATGGCTGGCCGTGAAGGCTTGATTGATACCG•TGTT•AAACCAGTCGGTcTGGTTATCTTC  3240 
FIASRFLTGIAPQEYYFHCHAGREGLIDTAVKTSRSGYLQ1033 
AGCGTTGTCTGATGA^GCATCTGGAAGGTTTATGTGTACAATATGATCATACTGTTCGCGATT~CGATGGATCTATcGTCCAATTCCATTACGGAGAAGATTCTTT^~^TGTCACAAAAC  3360 
RCLMKHLEGLCVQYDHTVRDSDGSIVQFHYGEDSLDVTKQI073 
AGAAGCACTTGACACAATTTGAGTTTTCAGCCAAAAATTATAAATCCTTAATT•AGAAATAcAAGGTCAAATCTGTCTTATCGGCGGTTGATTCCGAAACTGCATCCTCTTACGCGAAGA  3480 
KHLTQFEFSAKNYKSLIQKYKVKSVLRAVDSETASSYAKKIII3 
AAGCGTTGAAAAAGCCGTACAAATATGATCCAGTATTGGACAAGTATCCCCcTAGTCGATATTTGG•AAGCGTAAGCGAGAAGTTTCAACGTGCTGTTGATGAATATACcCAGAAAAATC  360O 
ALKKPYKYDPVLDKYPPSRYLGSVSEKFQRAVDEYTQKNPII53 
CGGACAAGTTGATTGCTTC~AAGAAAGAGAGCAAGCTTGATGATTCTCTTCTTAATGAATCAAAGTTCAAGGCATTGAT~AGTTAC~TTACCAACAGTCTCTGGTT~ATC~T~GTGAAA  3720 
DKLIASKKESKLDDSLLNESKFKALHQLRYQQSLVDPGESII93 
GTGTTGGTGTATTAGCTAGTCAATcAATCGGT•AGCCATCTACTCAAATGACTTTGAACACATTCCATTTT•CTGGATT•GGTG•TAAGAATGT•ACATTAGGTATTCCTCGTTTAC•TG  3840 
VGVLASQSIGEPSTQHTLNTFHFAGFGAKNVTLGIPRLREI233 
AGATTATCATGACCGCTAGTGCAAATATTCAAACTCCTACGATGACTCTTCGTTTGAATGAC•GCGTTTCC•ATAAAAGAGCTTCAGCTTTTT•TAAAGAA•TAAATAAATTG•TTTTAT  3960 
11HTASANIQTPTHTLRLNDGVSDKRARAFCKEVNKLVLSI273 
CTGAAGTTGTTCGACAAGTCCGAGTAACTGAAAAAATTTCTGGTCAAGGCTCTGAC•AACAATCTAAAACTTATGCTATTCGACTTGATTTATATTCTCGTGAT•AATATCA•GATGAAT  4080 
EVVRQVRVTEKISGQGSDEQSKTYAIRLDI,  YSRDE¥QDEY1313 
ATGGTGTTCTTCA•GAAGAGATTGAGTC•ACCTTTAGTAATAGATTCTTAAAAATT•TTAACCGAATTATTAAAAGCTATTTGGCTAAA•CTAAGCAG••GAAGTCAG•AG•TAAAGATG  4200 
GVLQEEIESTFSNRFLKILNRIIKSYLAKSKQRKSGOKDDI353 
ATACAGTACCTGAGGTTGGTCAGGCATTAAAGCCACTTGAAGATATCGATGAAGCACCCATTGAAGGTCGTGCTCAAGAAGCTCTCGAAGATGAAGACAATGATGCTACCAATGAGAAAA  4320 
TVPEVGQALKPLEDIDEAPIEGRAQEAL~I)  EDNDATNEKHI393 
TGGTCTCTAGGTCGAAACAGCATGCTTCTTATGAGG•GCCTGATGAGGCA•ACAAAGTCGCCCTTCGT•AGCTAAAA•GATCAAATAAA•TTGAA•ACGTAAACAT••AT•AAGAGGAAG  4440 
VSRSKQHASYEGPDEADKVALRQLKGSNKVEDVNHDEEEDI433 
ATGAGGGTTTCAAGTCCGATGAAAGTGTCTCTGATTTTAAAGAAAGGAAATTGTTGGAAAA•CA•AACACAGTTTCCATTTCGGAAAGGCGGG•ACTTCAGT•AAAGACAGCAAAAGAAA  4560 
EGFKSDESVSDFKERKLLEKQNTVSISERRELQLKTAKEI1473 
TACTCAGCAATTGCAAACACCTCGACTTTGATTACGTTAACGGTGAGTGGGCAACTGTTGAAT•G•TGTTCCCAAT•AATACTGAAAAGcTAT•AATG•TG•CACTTGTGGAAAAGGCAT  4680 
LSNCKHLDFDYVNOEWATVELVFPINTSKLLHVSLVEKACI513 
GTTCCGAAACTGTCATACACGAAATTCCGGGCATTACACGCTGTTTT•CCAAACCT•CAGACTC••Cc•TAGACACTGTTCCG•AGGTTATCACTGAAGGTGTCAATCT•AAA•cAATTT  4800 
SETVIHEIPGITRCFSKPPDSALDTVPKVITEGVNLKAIWI553 
GGGAATTTTACAATGAAATCTCCATGAATGATATTTACACAAATGATATTGCAGCG•TCCTTAGGATATACGGTGTT•AAGCAACTCGTAATGCGATTGTTCATGAGGTTT•cTCCGTTT  4920 
EFYNEISHNDIYTNDIAAILR!YGVEATRNAIVHEVSSVFI593 
TTGGAGTGTATGGTATTGCT•TTGATCCTCGTCATCTTTCCTTAATTGCAGA•TATATGACTTTCGA•G•AG•ATACAAAGCCTTCAATAGAATGGGAATAGAATATAACACTTCTCCAT  5040 
GVYGIAVDPRHLSLIADYMTFEGGYKAFNRHG[EYNTSPF1833 
TT~CGAAAATGTCTTTTGAGACCACTTGTCACTTTTTGACTGAGGCCGCCCTCCGTGGTGATGTTGATGACTTATCCAATCCTTCATCTCGGTTAGTCGTTGGTCGAGTCGGTAACTTTG  5180 
AKHSFETTCHFLTEAALRGDVDDLSNPSSRLVVGRVGNFGI673 
GCACCGGTTCTTTTGACATATTCAACCCTGTAGTCGATTCTCCT~AAACTAAAAAAGGTATATTTATTGCGGTTG~GGAATAATTTTAGAAAAATGTGTGTTTTGACAAAATAAAAGAT  5280 
TGSFDIFNPVVDSPAN  2689 
TTTGGAAATTAAACCTTTATT••CTACTTGTTACAAAAATATATAAAATAAATAAATT•••TTTTGGAACTAATACTT•TCATATAA•TTTTA•ATAGGTTACCACAAATAAAATTACGT  5400 
TTAATCTACAACTCTTACATAACACAA•AGATAAACTTCTAAACGCTATAAGGCAATACTATGTTTACGAAATATTCAT•AAGC•T  5486 
Ngure t  Nucleotide  s~uence  of the  nud +  gene.  The  5,486-bp-long  sequence  containing  a  5,~%bp  single  o~n  ~ading  frame  is 
su~cient ~r complemcn~tion.  P~dic~d amino acid sequence containing 1,689 residues is shown ~  single le~r designation. 
sions may correspond to one set of nucleolar DNA. Analysis 
by PFG electrophoresis indicates that chromosome III con- 
tains  two  classes  of  the  rDNA  clusters  (Chikashige,  Y., 
unpublished results). 
We  estimated  the  amount  of  nucl ÷  polypeptide  in  the 
wild-type S. pombe cells to be '~2  x  1@ copies/cell.  Esti- 
mation was based on a series of immunoblots of S. pombe 
extracts  using the fused  nucl ÷ polypeptide  as  standard.  If 
all the nucl ÷ molecules in S. pombe are associated with the 
tandemly  repeated  rDNA  clusters,  then one can calculate 
DNA length per bound molecule. Approximately 200 rDNA 
repeats (10.5 kb), each containing a 7-kb-long transcription 
unit, are supposed to be present per exponentially growing 
cell,  so  that the  value  of 70  (200  x  7  x  103/2  x  104) 
bp/bound molecule is obtained. Although not all of the poly- 
merase  molecules  might bind to  rDNA,  the  nucl ÷ mole- 
cules appear to locate highly densely in nucleolus. The value 
does not largely differ from that for Triturus nueleolar genes 
visualized by electron microscopy (Miller and Beatty, 1969); 
~120  bp/bound  RNA  polymerase  unit  was  obtained  for 
Triturus. 
Hirano et al. RNA Polymerase 1 Largest Subunit." Mutant,  Gene,  and Location  247 Figure 4.  Sequence homology between nucl  ÷ protein and the largest subunits of RNA polymerases. (a) The amino acid sequence of nucl  ÷ 
polypeptide (ordinate) was compared with the sequences of the largest subunits of S.  cerevisiae pol I, pol II, pol III, vaccinia virus, and 
E.  coli RNA polymerases (abscissa) by looking for >/8 identical residues over 20 contiguous amino acids in diagonal dot matrix analysis. 
Homology is highest to the pol I  subunit.  (b) The amino acid sequences of nucl  ÷ polypeptide and the S.  cerevisiae pol I  subunit are 
aligned. The underscoring indicates the domains similar to the other RNA polymerases (broken line only for eukaryotic polymerases). 
The Journal of Cell Biology,  Volume 108, 1989  248 Figure 5.  Immunochemical  identification of nucl ÷ gene product  in S. pombe nucleus.  (a) An antiserum  raised against the nucl ÷ fusion 
polypeptides made in E.  coli (Materials and Methods) gives a band at the position of ,o190 kD. (b) Location of the nucl  ÷ protein in the 
nuclear fraction. The wild-type S. pombe cells were grown at 30°C, and cells were digested with zymolyase followed by homogenization. 
Extracts were centrifuged on a 15-40% linear Percoll gradient. Fractions were observed by DAPI stain and run in SDS gel electrophoresis, 
followed by immunoblots using anti-nucl ÷ or anti-topo II. The nucl ÷ protein and topo II are present only in the nuclear  fractions. 
lmmunofluorescence Microscopy of the Inactivated 
nucl ÷ Gene Product in the Mutant Cells 
To investigate behavior of the nucl  mutant protein, mutant 
cells were first grown at 26°C  and then incubated at 36°C 
for different time intervals and  stained by anti-nucl + anti- 
body.  Nucleolar immunofluorescence was initially intense, 
though not as strong as wild type, and then slowly faded and 
disappeared after 3 h at 36°C (Fig.  8, right).  (Such change 
did not occur in the wild-type cells transferred from 26 to 
36°C.)  Granular  fluorescent  materials  were  often  seen  in 
cytoplasms of the cells that had lost nucleolar immunofluo- 
rescence.  Cells  showing the altered chromosome domains 
(ring phenotype) have lost nucleolar  immunofluorescence. 
Thus the aberrant nucleolus appeared to be the cause of the 
morphological phenotype of nucl-632.  Western blotting of 
the nucl mutant extracts, however, indicated that the amount 
of nucl + protein  per  cell  (about  one-third  of the  amount 
of wild  type;  see  Discussion)  remained  nearly  the  same 
during the 3-h incubation at 36°C  (Fig.  10).  This apparent 
discrepancy  between  the  time-dependent  decay  of immu- 
nofluorescence  and  the  constant  level  of nucl + protein  in 
immunoblotting can be interpreted assuming that the nucl ÷ 
polypeptide highly densely present in the tiny rod was dis- 
persed at restrictive temperature. This dispersion might be 
the result of the dissociation of nucl ÷ protein from nucleo- 
lar DNA, followed by dispersion to the cytoplasm and/or ac- 
cumulation as cytoplasmic granular material. 
Immunofluorescence Microscopy of nucl ÷  Product in 
DNA  Topoisomerase Mutant 
The ribosomal RNA synthesis is greatly diminished in the 
S. cerevisiae and S. pombe topl-top2 double mutants whereas 
mRNAs and tRNA syntheses are relatively unaffected (Brill 
et al.,  1987;  Yamagishi and  Nomura,  1988).  Because the 
phenotype of nucl mutant was related to the nucleolar func- 
tion, we investigated the fate of the nucl ÷ polypeptide in the 
absence of both DNA topoisomerases. In the topl-top2 dou- 
ble mutant used in the present study, both topo I and II activi- 
ties are inactivated at 36°C in vivo as well as in vitro (Ue- 
mura and Yanagida,  1984,  1986;  Uemura et al.,  1987b). 
Surprisingly, nucleolar immunofluorescence by anti-nucl ÷ 
antibody rapidly diminished in the topl-top2 mutant, as shown 
in Fig. 9 (right panels).  15 min after the shift to 36°C (Fig. 
9 b) more than 80% of the cells lost nucleolar immunofluo- 
rescence. (By DAPI stain, 50% of the cells showed the ring 
phenotype; Uemura and Yanagida,  1984.) The initial stage 
of the decrease in immunofluorescence intensity appears to 
be the dispersion of nucleolar immunofluorescence.  At 30 
min (Fig. 9 c), the nucleolar fluorescence was completely ab- 
sent, and the frequency of cells showing the ring phenotype 
reached 80%. Granular materials in cytoplasm were seen in 
these cells. Immunoblot analysis, however, showed that the 
level of nucl ÷ protein  in  the  topl-top2  double  mutant  ex- 
tracts remained nearly the same during the 3-h incubation at 
36°C  (Fig.  10).  These results  indicated  that the  defect in 
DNA topology led to the rapid dispersion on nucl ÷ protein 
and nucleolar disorganization. 
Discussion 
S. pombe nucl +  Locus Encodes the Largest Subunit of 
RNA  Polymerase I 
In eukaryotic cells there  are three forms of nuclear  RNA 
polymerases, each with separate transcription functions. Pol 
I (A) is made for rDNA transcription, pol II (B) for mRNA, 
and pol III (C) for the small 5S and tRNA. Previous studies 
(Allison et al., 1985; Biggs et al., 1985; Memet et al., 1988) 
show that several domains in the largest subunits of eukaryotic 
pols I, II, and IH are similar to each other and also to those 
in the largest subunit of prokaryotic RNA polymerase (Ov- 
Hirano et al. RNA Polymerase 1 Largest Subunit: Mutant, Gene, and Location  249 Figure 6.  Immunofluorescence color photomicrographs of S. pombe wild-type cells stained with anti-nucl + serum. (a) Anti-nucl + serum 
stain  followed by rhodamine-conjugated second antibody. (b) DAPI stain.  (c) Double exposures of antibody and DAPI stain. Intense im- 
munofluorescence is localized in nucleolus.  Bar,  10/zm. 
chinnikov  et al.,  1982).  We provide evidence in this  paper 
that the S. pombe  nucl ÷ gene encodes the largest subunit of 
RNA polymerase I. 
We found that essential domains in the largest subunits of 
RNA polymerases (Allison et al.,  1985; Memet et al.,  1988) 
including  a potential zinc-finger motif are highly conserved 
in nucl  ÷ polypeptide.  Therefore, the nucl ÷ gene most likely 
encodes the largest subunit  for one of the three RNA poly- 
merases. Comparison with the S.  cerevisiae sequences (Alli- 
son  et  al.,  1985;  Memet  et  al.,  1988)  indicates  that  the 
nucl  ÷ sequence  shows  the  highest  degree  of similarity  to 
that  of the  pol  I  subunit  (overall  homology  is 49%).  This 
value is identical to those obtained for topo I  (47 %) and II 
(49 %) between two distantly related yeasts (Uemura et al., 
1986,  1987b).  Similarities  of nucl ÷ protein  to  the  largest 
subunits  of pols  II, III, and  prokaryotic  polymerase,  how- 
ever,  are restricted  in  several domains. 
Predicted nucl  ÷ polypeptide has  1,689  residues,  which is 
the closest in  number to the  1,664  residues  of the S.  cere- 
visiae pol I  subunit  (there are  1,726  and  1,460  residues  for 
the  pol  II and  III subunits,  respectively).  The COOH-ter- 
minal  hexapeptide  repeats  found  in  the  pol  II subunits  of 
different  organisms  (Allison  et  al.,  1985;  Corden  et  al., 
1985)  are not present  in the  nucl  ÷ polypeptide.  Domain  1 
present in pols II and III (Allison et al.,  1985) is not present 
in either pol I or nucl ÷ protein.  The two highly hydrophilic 
regions  near  the  NH2 and  COOH  termini  of pol  I  subunit 
(Memet  et  al.,  1988)  are  also  present  in  the  nucl ÷  se- 
quence.  In  the  NH:  region,  several  conserved  stretches, 
such as EDXXDXEDS,  ERKK,  and  FRKXGFXKIFE,  are 
present,  suggesting  that  the  region  may  have  an  ordered 
structure  specific for pol I  function. 
Results of immunofluorescence microscopy are also con- 
sistent with the notion  that the nucl ÷ polypeptide  is a  sub- 
unit of pol I. Anti-nucl ÷ antibodies intensely and specifical- 
ly stain  a  nuclear  region previously identified  as nucleolus 
Figure  7.  Nucleolar  stain  by  anti- 
nucl + serum. Interphase and mitotic 
cells of the wild type were stained by 
anti-nucl + (right).  DAPI stain  (left). 
Note that the number of short protru- 
sions is four in most interphase cells 
(a) but two for those cells during or 
just after nuclear division (b and c; 
see text).  Bar,  10 ~m. 
The Journal of Cell Biology, Volume 108, 1989  250 Figure 8.  Nucleolar immunofluorescence diminished in nucl mu- 
tant cells at 36°C. Cells of nucl-632  were first grown at 26°C and 
then transferred to 36°C. Cells were collected at intervals and were 
immediately fixed and stained by anti-nucl ÷ antibody. Nucleolar 
stain by anti-nucl + (right) is initially strong but weakened at 36°C. 
DAPI  stain (left).  No  fluorescence by  anti-nucl + is  visible  on 
nucleolus after 3 h at 36°C. a, 0 h; b, 1 h; c, 2 h; d, 3 h. Bar, 10/zm. 
where rDNA repeats reside (Toda et al.,  1981, 1984; Ume- 
sono et al.,  1983; Niwa and Yanagida,  1985).  In the nucl 
mutant cells incubated at 36°C the nucleolar fluorescence 
was faded. Although final proof may have to await direct de- 
termination of the amino acid sequence for the largest sub- 
unit of S.  pombe  pol  I,  we conclude that the nucl ÷ gene 
product is the largest subunit ofpol I and interpret the mutant 
phenotype produced by its defect. 
Role of nucl ÷  Protein in Nucleolar Organization 
Little is known for certain about the function of the largest 
subunits of RNA polymerases. In the bacterial polymerase, 
the largest subunit may bind to DNA and play a role in pro- 
moter recognition (Fukuda and Ishihama, 1974; Glass et al., 
1986). In the eukaryotic enzymes, the largest subunit may be 
involved in the RNA chain elongation and in the enzyme ac- 
tive site (Ruet et al.,  1980; Greenleaf, 1983). The presence 
of one putative zinc-binding finger (Memet et al., 1988) also 
suggests  that  the  subunit  binds  to  DNA.  A  large  part  of 
rDNA  may be occupied by nucl ÷ protein and  the regular 
nucleosome structure might not be formed in rDNA.  The 
short rods visualized by anti-nucl  ÷ indicated higher order 
regularity of  the packaged rDNA repeats; 100-/~m long rDNA 
is condensed into these tiny (0.3/~m in length) rod-like struc- 
tures. There seemed to be two classes of rDNA clusters in 
chromosome III (Chikashige, Y., unpublished results). The 
nucl ÷ subunit may be implicated in such higher order orga- 
nization. A role of RNA polymerase I in nucleolar organiza- 
tion,  recently shown by Benavente et al.  (1987),  demon- 
strated that microinjection of antibodies to RNA polymerase 
I  into mitotic cells of PtK2 inhibits the nucleolar reforma- 
tion in the telophase. 
Phenotypic Similarity between nud  and 
topl-top2 Mutants 
Similarity between the phenotypes of  nucl-632 and topl-top2 
is not pure coincidence (Fig. 11). In the former pol I mutant, 
the defect is expected in rRNA synthesis, which occurs in 
nucleolus. In the latter topl-top2 double mutant, rRNA syn- 
thesis is known to be greatly depressed but mRNA synthesis 
is  relatively unaffected (Brill et al.,  1987;  Yamagishi  and 
Nomura, 1988). (The reason mRNA is synthesized in the ab- 
sence of topos I and II is not understood.) A common feature 
in the cells of these two mutants is the arrest of rRNA synthe- 
sis.  In the nucl  mutant, the reduction of RNA synthesis is 
slower than that in topl-top2  (Uemura et al.,  1986; Yama- 
gishi and Nomura,  1988; Hirano, T., unpublished results) 
suggesting that the time required for the inactivation of mu- 
tant nucl polypeptide at 36°C may be longer than those for 
mutant topos I and II. 
We speculate that the hollow bowl-like structure (the ring 
phenotype) of the DAPI-stained chromosome region in nucl 
mutant is the result of inactivation of the large number of pol 
I enzyme molecules followed by their dispersion. That is, the 
destruction of nucleolus produces the ring phenotype. This 
hypothesis argues that pol I is required for the formation of 
nucleolus as its major component. In the topl-top2  double 
mutant, on the other hand, nucleolus is damaged because of 
the defect in DNA topology that is discussed below. 
Role of hUrl ÷  Protein and DNA  Topoisomerases for 
rRNA Synthesis 
We  raised  antisera  against  nucl ÷ fusion  polypeptide and 
could identify nucl ÷ polypeptide in S.  pombe by Western 
blotting and immunofluorescence microscopy. Two antisera 
made for different parts of the nucl ÷ protein detected a nu- 
clear protein of identical molecular mass (•190  kD). Nei- 
ther sera, however, detected any protein in the S.  cerevisiae 
extracts; they had few antibodies directed to the conserved 
domains  of  RNA  polymerases  (Hirano,  T.,  unpublished 
results). The amount of nucl ÷ protein is significantly lower 
in the nucl mutant extracts obtained from the cultures grown 
at permissive temperature than that in the wild-type or topl- 
top2 extracts. The ratios of two- to threefold decrease for the 
nucl mutant were obtained in several experiments. The rea- 
son for this is not understood but the mutant nucl  protein 
might be defective in the folding for functional subunit or the 
assembly for mature RNA polymerase I.  The low level of 
nucl ÷ protein might cause the retarded growth. The genera- 
tion time of nucl-632  at 26°C was  ~50%  longer than that 
of the wild type at 26°C. 
Immunofluorescence by anti-nucl ÷ was initially intense in 
the nucleolus of topl-top2 mutant but rapidly decayed when 
the mutant cells were incubated at  36°C.  Within  15  min, 
most of immunofluorescence of the  nucleolus had  faded. 
This would not be proteolytic degradation because immuno- 
blots  showed nearly the  same amount of nucl ÷ protein in 
the cells. Changes of antigenic properties or inaccessibility 
to  antibodies  are  possible  but  unlikely.  We  suppose  that 
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orescence by anti-nucl ÷ in S. pombe 
topl-top2 double mutant cells at 36°C. 
The double  mutant  cells  were first 
grown at 26°C and then transferred 
to 36°C. Cells incubated at 36°C for 
0  (a),  15  (b),  30  (c),  and  120  (d) 
min were collected and immediately 
fixed,  followed  by  anti-nucl ÷ anti- 
body staining.  Immunofluorescence 
(right).  DAPI stain (left). Bar, 10 #m. 
nucl ÷ molecules are dispersed in the absence of topo I and 
II. If so, the immediate question is how nucl ÷ protein is dis- 
persed.  It might be dissociated  from nucleolar  DNA and 
eventually diffuse away from the nucleus.  Another possibil- 
Figure 10. Immunoblots of wild-type,  topl-top2, and nucl-632 mu- 
tants using anti-nucl ÷ antibody. Cells of the wild type and the mu- 
tants were first grown at 26°C and then transferred  to 36°C.  Cells 
were collected at appropriate  intervals,  and extracts were prepared 
followed by SDS gel electrophoresis.  Band intensities  of immuno- 
blots by anti-nucl ÷ did not significantly change within 3 h at 36°C. 
The amount of p190 protein in nucl cells appears to be lower than 
that in the wild-type and topl-top2 cells,  which is consistent  with 
immunofluorescence  microscopy. 
ity is that the rDNA repeats are rapidly decondensed so that 
the bound nucl ÷ protein molecules are accompanied by the 
expanded rDNA (in this case, rDNA transcription is arrested 
in spite of pol I  and rDNA association).  Alternatively,  the 
decondensation of rDNA may loosen the binding of pol I 
subunits, and concomitantly of enzyme molecules, to nucle- 
olar DNA so that nucl + protein is dissociated from nucleo- 
lar DNA. To determine the validity of these possibilities, we 
attempted to isolate the nuclei from the double mutant cells 
incubated at 36°C but failed because the nuclei seemed to be- 
come fragile. 
In any case, a defect in the DNA superhelicity must be pri- 
marily responsible for the rapid nucleolar damage. This im- 
plies that proper superhelicity is required for the folding of 
nucleolar DNA and pol I  enzyme molecules into the func- 
tional organization of the nucleolar genes.  We are investi- 
gating the structural role of topoisomerases in nucleolus by 
Figure//.  A speculative  view on the 
alteration  of fission  yeast nucleolus 
in nucl or topl-top2 mutants. 
The Journal of Cell Biology, Volume 108, 1989  252 immunofluorescence  microscopy using anti-topo I and anti- 
topo II prepared against fusion polypeptides. 
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